Introduction
============

Ketamine is an N-methyl-D-aspartate (NMDA) receptor antagonist used medically for its dissociative anesthetic effects.^[@bib1]^ The drug is widely abused around the world as a hallucinogen and date rape drug.^[@bib1]^ Studies have shown widespread ketamine use in city club scenes, particularly in the US, Europe and Asia.^[@bib2],\ [@bib3]^ The World Health Organization (WHO) has collected data from 64 countries around the world, 25 of which reported harmful ketamine abuse among its youth population.^[@bib4]^ Ketamine is the most commonly abused drug among Hong Kong youth,^[@bib5]^ and some report a large increase in popularity among urban European youth, notably in London.^[@bib2]^ In the US, trafficking of the drug is known to take place across the Mexican border and from theft from clinics or other legitimate sources.^[@bib1]^ Sale to adolescents typically takes place inside clubs or at parties.^[@bib1]^ Recently, physicians have used ketamine for treating patients with severe depression that is unresponsive to common treatment.^[@bib6],\ [@bib7]^ Unlike the typical medical usage of ketamine, which generally involves a one-time anesthetic dose, treatment for depression requires multiple low doses of the drug.^[@bib6],\ [@bib7]^ The relative success of this treatment and its growing popularity only emphasize the importance of understanding the long-term drug effects on patients of all ages.

In addition to the aforementioned clinical indications, NMDA receptor antagonists such as ketamine are frequently used as neurodevelopmental models for schizophrenia.^[@bib8],\ [@bib9],\ [@bib10],\ [@bib11]^ It is theorized that schizophrenia patients suffer a loss of NMDA receptor-mediated glutamate signal transduction, which may be effectively simulated by NMDAR antagonists such as ketamine.^[@bib8]^ Studies have suggested that the effects of ketamine may be similar to symptoms of the disease in humans.^[@bib11]^ Specifically, psychosis due to chronic ketamine exposure has been shown to exhibit similarities to schizophrenia psychosis in humans.^[@bib9]^ In addition, ketamine exposure results in functional changes in rodents that are similar to those seen in patients.^[@bib8],\ [@bib12],\ [@bib13],\ [@bib14]^

Frequent ketamine abuse in adulthood is known to correlate with high risk of psychosis, as well as cognitive deficits, indicating a disruption of higher-order executive function and memory formation.^[@bib15]^ In human studies, ketamine users were consistently outperformed by controls on both intelligence and memory tasks.^[@bib5]^ Increases in ketamine use correlate with decreases in spatial working memory function and pattern recognition memory in humans.^[@bib16]^ Rats and mice administered ketamine as adults have shown signs of permanent cognitive impairment, such as impaired spatial memory^[@bib13],\ [@bib17]^ and distinct changes in electroencephalographic (EEG) measures.^[@bib13],\ [@bib18]^ In a study following several human drug user groups, ketamine users stood out as showing more perceptual disturbances and a greater likelihood of depression symptoms, as well as decreased verbal fluency, greater attention deficits and difficulty in working memory manipulations when compared with controls and other drug users.^[@bib19]^

Although the primary abusers of ketamine are adolescents and young adults, few studies have been done to evaluate its effects on juvenile cognitive development. Studies suggest that drug abuse in the adolescent period leaves users with increased vulnerability to cognitive performance deficits, psychosis and neuroanatomical changes that can affect the rest of their lives.^[@bib20],\ [@bib21]^ Ketamine administered acutely or chronically in the neonatal period has been shown to cause cognitive deficits, particularly in learning and memory, which carry into adulthood.^[@bib22],\ [@bib23],\ [@bib24]^ Other studies have suggested a heightened sensitivity to the effects of ketamine in the postnatal period.^[@bib25],\ [@bib26],\ [@bib27],\ [@bib28]^ Ketamine administered to mice in adolescence has suggested the potential for delayed emergence of cognitive impairment through EEG measures, with signs of deficits only appearing in adulthood---similar to schizophrenia, where symptoms such as psychosis typically do not occur until late adolescence or early adulthood.^[@bib12]^ However, ketamine is currently used as an anesthetic in children, but not in adults, based on a decreased incidence of psychiatric manifestations when the drug is used chronically below the age of 15.^[@bib29],\ [@bib30],\ [@bib31],\ [@bib32],\ [@bib33]^

Our study analyzes the effect of adolescent ketamine exposure on cognitive development in mice. Following the chronic exposure of adolescent mice to ketamine or saline vehicle, subjects underwent two stages of assessment, including 1 week following cessation of exposure as juveniles, and again at 5 weeks following cessation as adults. Spatial memory was assessed using a radial arm water maze, social preference was assessed using a social interaction task and EEG indices of brain function were also evaluated, including event-related potential (ERP) and baseline- and event-related power. The radial arm water maze task requires mice to utilize spatial memory to find a platform based on cues in the testing room, and has been used successfully with rats and mice.^[@bib34],\ [@bib35]^ Social interaction testing, specifically the social choice or social approach test,^[@bib36],\ [@bib37],\ [@bib38]^ allows controlled measurement of social interactions initiated by the test mouse, and is a replicable measure of sociability in mice.^[@bib38]^ EEG measures are known to reflect neurodevelopmental changes during the adolescent period,^[@bib39],\ [@bib40],\ [@bib41]^ and changes following ketamine treatment in adult mice are well-characterized.^[@bib13],\ [@bib42],\ [@bib43]^ Furthermore, EEG phenomena, which are in part regulated by the GABA and glutamate systems, are altered in disorders due to abnormal NMDA receptor-mediated glutamate signaling, including ERPs and ER spectral perturbation (ERSP) theta frequencies.^[@bib44],\ [@bib45],\ [@bib46]^ Alterations in power within the theta frequency range following auditory stimuli reflect performance on cognitive tasks including attention, working and long-term memory.^[@bib47],\ [@bib48],\ [@bib49],\ [@bib50],\ [@bib51]^ There is also evidence that modulations in theta oscillations are reflective of hippocampal spatial memory function.^[@bib48]^ As attention and working spatial memory are important aspects of our behavioral testing, theta frequencies are used in this study to shed light on ketamine-induced changes across the lifespan. Furthermore, in a related study, it was discovered that theta power was selectively altered in adult animals following chronic ketamine exposure ^[@bib13]^

The current study tests the hypotheses that exposure to ketamine during adolescence will cause: Delayed emergence of abnormalities in social behavior.Delayed emergence of abnormalities in working memory.Delayed onset of abnormal patterns of EEG.Delayed onset of abnormalities in social, cognitive and EEG measures will reflect a failure to progress rather than a deterioration.

Materials and methods
=====================

Mice
----

Juvenile C57/Bl6J male mice from Jackson Laboratories (Bar Harbor, ME, USA) were used. Mice arrived at 21 days of age to our facility and were allowed 1 week for acclimation prior to the start of injections. Mice received 14 days of injections starting at 28 days of age. Electrodes were implanted at 42 days of age, with a week-long recovery period before testing. Mice were tested for all measures at 7--8 weeks of age and again at 11--12 weeks of age. Testing included 1 day of EEG recording, at 49 days and 77 days of age; 1 day of social interaction testing at 50 days and 78 days of age; and 3 days of water maze testing beginning at 51 and 79 days of age. Mice were kept on a 12:12 h light/dark cycle, with chow and water available *ad libitum* over the duration of the study. On conclusion of the last day of testing, mice were killed and brain samples were removed for future studies. All procedures adhered to the guideline of the NIH Guide for the Care and Use of Laboratory Animals and the local Institutional Laboratory Animal Care and Use Committee.

Injections
----------

Mice received either 0.9% saline (*n*=14) or 20 mg kg^−1^ i.p. ketamine (*n*=14), injected daily over a 14-day period. This dose was chosen based on previous studies^[@bib12],\ [@bib52],\ [@bib53]^

Electrode implantation
----------------------

Electrode implantation took place under 1% isoflurane anesthesia. A series of three small holes were drilled into the skull at −1.8, −0.8 and +0.2 mm Anterior-Posterior to bregma; and 2.65 mm lateral. A positive electrode was placed into right hippocampal region at 1.8 mm posterior, 2.65 mm lateral and 2.75 mm dorsal to bregma. A reference electrode was lowered onto the surface of the ipsilateral cortex at 0.2 mm anterior, 2.75 mm lateral and 0.75 mm dorsal.^[@bib12],\ [@bib13],\ [@bib46],\ [@bib54]^ A ground electrode was lowered onto the cortical surface between the positive and reference electrodes at 0.8 mm posterior, 2.75 mm lateral and 0.75 mm dorsal. Ethyl cyanoacrylate (Loctite, Henkel, Duesseldorf, Germany)^[@bib13]^ and dental cement (Ortho Jet, Lang Dental, Wheeling, IL, USA) were used to secure the electrodes to the skull.^[@bib55],\ [@bib56]^ One week of rest was given to allow for recovery before EEG recording took place.

EEG recording and analysis
--------------------------

The EEG testing apparatus consisted of eight standard mouse cages, modified to allow placement of a speaker on the top of the cage for delivery of auditory stimuli, located within a Faraday cage. Auditory stimuli were generated by Micro1401 hardware and Spike2, version 6.0 (Cambridge Electronic Design, Cambridge, UK). EEG was recorded during auditory click presentations (8-s inter-stimulus interval) of a white noise tone (10 ms duration, 85 dB). Mice received a total of 300 clicks. To minimize the effects of stress, animals were given 15 min to acclimate to the ERP apparatus prior to each ERP recording session. ERPs were analyzed using Spike2 software.

EEG measures
------------

EEG data were processed using EEGLAB. Several mice were excluded from the EEG testing due to poor signals or broken electrodes.

Event-related potentials
------------------------

ERP is often used to translate sensory and cognitive changes in schizophrenia models to the patient.^[@bib57]^ ERPs are systematic voltage deflections in the averages of EEG recorded during a response to repeated events, as described above; as average value of EEG activity during a repeated stimulus, ERP is believed to reflect bursts of neural activity that are 'time locked\' to these stimulus events.^[@bib57]^ The amplitude of ERP waveform components were quantified as the maximum or minimum amplitude changes relative to the previous points of inflection. Latency was calculated as the time point at which the maximum or minimum value occurred during the specified time interval. P20 amplitude was calculated as the maximum value between 10 and 30 ms; N40 amplitude is defined as the minimum value between 25 and 60 ms; and P80 amplitude is defined as the maximum value between 50 and 200 ms.

Event-related spectral perturbation
-----------------------------------

ERSP is a reflection of the degree of power at a particular frequency range; in this case, we explored the ERSP data for theta oscillations. Theta frequency ERSP was quantified as the average EEG power between 4 and 12 Hz between 0 and 200 ms post stimulus. Power reflects the oscillation amplitude.^[@bib54]^ Baseline measurements were gathered from data prior to the start of auditory stimuli, when raw EEG was recorded for a 60-s period. Inter-trial coherence (ITC) measures the degree of cross-trial entrainment of the oscillation at a particular time-point for a particular frequency range. ITC is calculated by measuring the phase angle of the oscillation, with a value of 1 being complete overlap and 0 being no overlap between cross-trials. ITC was measured in the theta frequency range.

Radial arm water maze testing and analysis
------------------------------------------

The radial arm water maze consists of a circular pool, 90- cm wide by 78-cm high, with six stainless-steel arms of length 25.4 cm and width 20 cm, creating wide paths and an open center area. The pool was filled to 65 cm, submerging a platform placed at the end of one arm by about 3 cm of water. Non-toxic white paint was used to hide any distinguishing features of the maze beneath the waterline, including the platform. Lights were dimmed, and numerous visual cues were placed on walls throughout the room to act as visual cues to help the mice to navigate the maze ([Figure 1a](#fig1){ref-type="fig"}).

Testing was performed for 3 days, with 5 trials per day. At the start of each trial, mice were placed in one of the five empty arms. Start locations were randomized so that no arm was repeated, no mouse started from adjacent arms in consecutive trials and no sequence of arms was repeated. Each day, every mouse swam a full course of five arms, and was allowed 60 s to find the platform on each trial. If mice failed to find the platform in this time, they were guided to the platform before being removed from the maze. Mice were removed from the platform after 10 s, dried and placed in a warming chamber for 10 min before undergoing subsequent trials with different start locations. For juvenile testing, the platform was always placed in arm 5; for adult testing, the platform was always placed in arm 3, to prevent mice from using any long-term spatial memory to complete the task.

The performance of mice on each trial was recorded by a single researcher who stood in the same place in the room for each trial. Latency and order of entry into maze arms during each trial were measured for every mouse by the same researcher. The number of errors (accuracy) and latency (the time taken to complete the maze) was analyzed. Efficiency was measured by analyzing the time spent per arm entry.

Social interaction testing and analysis
---------------------------------------

The social preference of subject mice was tested using the controlled social approach (or social choice) test.^[@bib58]^ The test is performed in a three chambered box (27 × 53 × 23 cm^3^), as shown in [Figure 1b](#fig1){ref-type="fig"}. A perforated cylinder is placed in both end chambers. On test day, subject mice were given a 15-min acclimation period in which no stimuli were placed in the chamber. Subject mice were then removed and the chamber was prepared for the 5-min testing period. A gonadectomized male A/J mouse (Jackson Laboratories), of the same age as the subject mice, was placed inside of one of the cylinders, while an inanimate object the size of a mouse was placed in the opposite cylinder. The size of the cylinder allows the stimulus mouse enough room to turn around, and the perforated holes on the surface are large enough to allow for sniffing or touching social interaction initiated by the subject mouse. The constriction placed on the stimulus mouse allows only the subject mouse to initiate social interaction. Therefore, this paradigm favors evaluating the sociability initiated by the subject mouse. During the 5-min testing period, the subject mouse is placed in the test box and is free to initiate or avoid contact with the stimulus mouse. Testing was recorded by Topscan video software (Version 2, Clever Sys, Reston, VA, USA). Videos were scored using MATLAB social counter software. Data on the number of social interactions, defined by sniffing behavior toward the stimulus mouse, and time spent on social activity, were gathered using this program ([Figure 1b](#fig1){ref-type="fig"}).

Statistical analysis
--------------------

Statistical analyses were performed using STATISTICA (version 6, StatSoft, Tulsa, OK, USA). For the water maze data, statistical analysis was conducted using a 2 × 3 × 5 way repeated measures analysis of variance with an alpha threshold of *P*=0.05. A two-way repeated measures analysis of variance was used for both the social interaction and the EEG analyses. Fisher least significant difference *post hoc* analyses were used.

Results
=======

Electroencephalography
----------------------

### Event-related potential

P20 amplitude increased with age across both treatment groups (F~1,16~=29.133, *P*=0.00006, [Figure 2a](#fig2){ref-type="fig"}). An age-related decrease in the amplitude of the N40 peak was also observed across both treatment groups (F~1,16~=15.740, *P*=0.00111, [Figure 2b](#fig2){ref-type="fig"}). An age-related decrease in P80 amplitude was observed, with a *post hoc* revealing an age-related change only in vehicle-treated mice (F~1,16~=6.1290, *P*=0.02486, *post hoc*: *P*=0.039409 for juvenile vs adult saline mice, [Figure 2c](#fig2){ref-type="fig"}).

### Event-related spectral perturbation

There was no change in baseline theta power ([Figure 3a](#fig3){ref-type="fig"}). Theta ITC decreased with age in the ketamine group but not the saline group (F~1,16~=0.7958, *P*=0.38, *post hoc*: *P*=0.006 for ketamine-treated juvenile vs ketamine-treated adult, not significant (NS) in saline-treated mice, [Figure 3b](#fig3){ref-type="fig"}). There was no significant interaction across ages or treatment groups for theta-evoked power. A significant interaction of age and treatment group was observed in the theta-induced power such that as juveniles both treatment groups showed similar outcomes, while as adults power was reduced in saline-treated relative to ketamine-treated mice (F~1,16~=6.8882, *P*=0.01840, [Figure 3c](#fig3){ref-type="fig"}). Theta ERSP, a reflection of both evoked and induced theta power, showed a trend toward reduction as adults in saline-treated mice (*post hoc*: *P*\<0.05). However, there was no change across development in ketamine-treated mice (*post hoc*: *P*=0.8; F~1,16~=4.0956, *P*=0.06003, interaction of treatment group and ketamine treatment, [Figure 3d](#fig3){ref-type="fig"}).

### Social interaction

There were no significant effects of age or drug treatment on the number of social interactions ([Figure 4a](#fig4){ref-type="fig"}). A significant age-related decrease in total time spent on social interaction was observed in both groups (F~1,25~=21.842, *P*=0.00009, [Figure 4b](#fig4){ref-type="fig"}). *Post hoc* analyses revealed saline-treated animals show an age-related decrease in time spent per social interaction, where ketamine-treated mice did not (F~1,25~=8.827, *P*=0.007, *post hoc*: *P*=0.0082 for saline-treated juvenile vs adult mice, NS in ketamine-treated mice, [Figure 4c](#fig4){ref-type="fig"}).

Water maze
----------

### Accuracy

There was a significant interaction between age and treatment (F~1,23~=5.2019, *P*=0.03215, [Figure 5a](#fig5){ref-type="fig"}). A *post hoc* analysis revealed that ketamine-treated mice made fewer mistakes as juveniles than saline-treated mice (*post hoc*: *P*=0.008), but there was no difference between groups in adulthood. A significant improvement in accuracy occurred across both developmental testing points, on all days and among all treatment groups by trial 3, which remained consistent through trials 4 and 5 (F~4,92~=5.2035, *P*=0.0008, *post hoc*: *P*\<0.002 comparing trials 1 and 2 to trials 3--5, NS between trials 1 and 2 and trials 3--5, [Supplementary Figure 1A](#sup1){ref-type="supplementary-material"}).

### Latency

There was a significant decrease in latency with every subsequent testing day in both treatment groups and across both testing periods (F~2,46~=24.254, *P*=0.00000, [Figure 5b)](#fig5){ref-type="fig"}. A significant age-related interaction of latency was also observed, where latency decreased significantly in the adulthood testing, and *post hoc* analysis indicates that there is a significant decrease in average latency from juvenile to adulthood only in saline-treated mice (F~1,23~=12.248, *P*=0.00193, *post hoc*: saline juvenile to saline adult *P*=0.002, ketamine juvenile to ketamine adult *P*=0.124, [Supplementary Figure 1B](#sup1){ref-type="supplementary-material"}). There was a significant reduction in latency in both groups by trial 2, which was observed across both juvenile- and adult-testing points (F~4,92~=3.9955, *P*=0.00493, [Supplementary Figure 1C)](#sup1){ref-type="supplementary-material"}. Latency decreased significantly across each day during juvenile testing and remained at this optimal latency throughout the subsequent 3 days of testing during adulthood (F~2,46~=0.4534, *P*=0.01706, [Supplementary Figure 1D](#sup1){ref-type="supplementary-material"}).

### Efficiency

There was a trend toward an interaction between age and treatment group for efficiency. *Post hoc* analysis indicates that ketamine-treated mice display better performance than saline-treated mice as juveniles but not as adults, (F~1,23~=3.8051, *P*=0.064, *post hoc*: *P*\<0.01 for ketamine-treated vs saline-treated juvenile mice, NS as adults, [Figure 5c](#fig5){ref-type="fig"}). Ketamine-treated mice remained constant as they reached adulthood, while saline-treated mice significantly improved. There was a significant improvement in efficiency after trial 3 across all days and both ages (F~4,92~=4.1047, *P*=0.00418, *post hoc*: *P*\<0.05 for trial 1 and 2 vs trials 3--5, NS between 1 and 2 or 3--5, [Supplementary Figure 1E](#sup1){ref-type="supplementary-material"}). Similarly, there was a significant improvement in efficiency score after day 1 at both ages (F~2,46~=4.1934, *P*=0.02124, *post hoc*: *P*\<0.05 for day 1 vs 2 or 3 and day 2 vs 3, [Supplementary Figure 1F](#sup1){ref-type="supplementary-material"}).

Discussion
==========

Juvenile exposure to ketamine was associated with electrophysiological abnormalities in adulthood, particularly in induced theta power and the P80 ERP. No other electrophysiological differences were found between ketamine-treated and control mice. Ketamine-exposed mice failed to exhibit the same age-related decrease in social interaction time as controls. Although ketamine-exposed mice outperformed control mice as juveniles on the radial water maze, they did not show the same age-related improvement as control. These data are consistent with the notion that juvenile exposure to ketamine produces long-lasting changes in brain function that may interfere with progression along normal developmental trajectories.

The current study first tested the hypotheses that exposure to ketamine during adolescence would cause a delayed emergence of abnormalities in social behavior. Data revealed that saline-treated mice showed an age-related decrease in time-per-social interaction that was not evident in ketamine-treated mice. All other measures including number of social interactions and total time spent on social interaction showed significant age-related decreases across both groups. This selective effect of ketamine on the length of individual interactions suggests that ketamine-treated mice may fail to respond to cues related to the termination of social contact. Adult male mice are known to be less social overall when compared with juvenile mice, which may reflect progression to a mature post-pubertal pattern of conspecific male interaction.^[@bib59]^ Data in the current study indicate that prior exposure to NMDAR antagonists led to persistence of a juvenile pattern of social interaction, suggesting that the overall effect of these agents may be to alter developmental trajectories of sociability. Furthermore, a failure to adapt to social feedback over time is consistent with proposed theories related to developmental alterations in NMDAR function among people with adult-onset social dysfunction (for example, schizophrenia). In human subjects, acute ketamine administration results in significant deficits in understanding facial cues for sadness, as well as a trend toward difficulty in identifying negative emotions.^[@bib60]^ Similarly, schizophrenia patients show significant deficits in emotion recognition tasks, particularly with emotions such as fear and disgust.^[@bib61],\ [@bib62],\ [@bib63]^ These studies may indicate that our mice exhibit a translationally valid effect of delayed emergence of deficits in understanding of social cues in schizophrenia.

Our study also tested the hypothesis that chronic ketamine administration would result in the delayed emergence of abnormalities in working memory. We observed that control mice showed improvement on the spatial memory task in adulthood with a reduction in latency to find targets and resulting efficiency scores. Ketamine-treated mice did not change their performance over time. However, this observation may be in part related to the finding that ketamine-treated mice performed better than their control counterparts as juveniles. Furthermore, juvenile ketamine mice performed at a level that was similar to a control adult level. Therefore, data do not support the hypothesis that ketamine abuse in adolescence causes delayed emergence of abnormalities in working memory, though it is interesting to note that it does alter the normal trajectory for spatial working memory development. The failure to progress to more successful outcomes in ketamine-treated mice may reflect a ceiling effect, in which mice cannot perform significantly better than the level already achieved by them as juveniles. Previous studies demonstrate that mice typically achieve error rates of no fewer than three mistakes at their most successful, suggesting that our ketamine-treated mice could not have improved from their juvenile rates.^[@bib64],\ [@bib65]^ In addition, the observation that ketamine-treated mice did significantly better than controls as juveniles suggests that the effects of ketamine in adult populations may not translate to the adolescent period. Such data would suggest that there may be ways to parse the amnestic and cognitive-impairing effects of ketamine from its properties on other domains. As ketamine is emerging as a potential therapeutic agent for depression, this ability to determine which factors mediate its beneficial vs detrimental effects will be critical. For example, future studies could determine which factors in normal brain development are sensitive or conversely insensitive to ketamine-induced alterations in cognitive capacity. It is important to note that several measures indicate that the test itself was a valid assessment of spatial working memory: mice showed significant improvement in performance over sequential testing days and trials, indicating that procedural learning took place.

Finally, we investigated the hypothesis that a delayed onset of abnormal patterns of EEG would emerge as a result of chronic ketamine abuse in the juvenile period. Murine ERP data in the current study are consistent with findings in clinical studies of schizophrenia patients.^[@bib66],\ [@bib67],\ [@bib68],\ [@bib69]^ Our data provide potential insight to ketamine-related changes in brain function as manifested by theta oscillations that are thought to reflect regional connectivity. Specifically, ketamine-treated mice showed a significant failure to progress normally with age for theta coherence, as well as induced and ERSP measures. Control mice showed a reduction on these measures on reaching adulthood, but ketamine-treated mice did not. Induced activity reflects activity in the brain that is not temporally tethered to the activity of the sensory system.^[@bib70]^ As such, it is thought to reflect orienting, and selectively attentional response to the occurrence of an event, rather than the sensory registration associated with that event.^[@bib70],\ [@bib71]^ Thus, the ketamine-treated mice express a juvenile-like pattern of 'over reacting\' to a non-threatening stimulus. A previous study showed that MK801 disrupts normal novel object recognition ability in rodents under acute exposure, and that its administration is known to cause attentional problems.^[@bib72]^ Our data is not consistent with lasting attentional deficits shown in this study, but attentional changes are observed in the increased induced theta activity, indicating that attention pathways may be modified by NMDAR antagonists. Similarly, our group previously demonstrated that acute ketamine administration in adult mice yields a reduction of theta activity, indicating that the drug has a consistent influence on generators of theta activity, even though the drug\'s effects are different when exposure takes place in adulthood.^[@bib46]^

Another 'failure to progress\' phenotype was seen in the P80 ERP measure, in that ketamine mice did not exhibit the same age-related reduction as controls. Changes in P80 component amplitude with age have been observed in human ERP studies.^[@bib73],\ [@bib74]^ Although the direction of change is not the same as described here in mice, the developmental time course for that change is similar. These data support the idea that although the effects of juvenile ketamine exposure may not appear in adolescence, they do emerge in adulthood. Furthermore, this P80 ERP change with age may be related to progressive deficits in the ability of subjects to withdraw attentional resources from stimuli, such as the auditory stimuli presented during EEG testing.^[@bib75]^ The ketamine-related P80 changes are similar to the pattern of changes in the water maze. Ketamine-treated mice have a slightly lower P80 as juveniles compared with controls, and in adulthood both control and experimental mice show similar results. This similarity across experiments further supports the conclusion that ketamine abuse in adolescence causes a failure of age-related changes to occur in mice.

Based on cross-sectional similarities between acute manifestation of NMDAR antagonists and prodromal symptoms, previous investigators have proposed that changes in NMDAR activity may occur before symptoms appear.^[@bib76]^ In our model, we restricted the NMDAR hypofunction only to the late adolescent period. In this scenario, although there were no manifestations of cognitive deficits in mice as juveniles, inappropriate hyper-social activity and a failure of attentional systems to develop normally in adulthood was observed. These data suggest that alterations in NMDAR activity that have been proposed to begin during the schizophrenia prodrome are consistent with a post-adolescent emergence of deficits. Alternatively, the lasting decline in cognition and theta power that occurs following chronic ketamine in adulthood,^[@bib42]^ was not observed when chronic ketamine was restricted to the juvenile period. These data suggest that any alteration in NMDAR activity that may begin during the prodromal period in schizophrenia likely persists into adulthood. As such, the current model of adolescent ketamine abuse may not accurately reflect the chronic and persistent nature of clinical schizophrenia in humans. Similarly, the administration of NMDAR antagonists at different life stages can have drastically different effects. Data suggest that ketamine does not have the same level or kind of lasting effects on the juvenile brain as it does on the adult brain, perhaps due to increased plasticity of the juvenile brain. However, there may be a different critical period for the effects of ketamine than the period of development used in this study, which may explain the lower impact changes observed in the cognitive and social function of our subjects.

Conclusion
==========

The aim of our study was to evaluate the effects of juvenile ketamine abuse on social behavior, working memory and EEG during and after adolescence in mice. We hypothesized that the administration of chronic ketamine in the juvenile period would result in a delayed incidence of prominent cognitive changes in the post-pubertal period. We found several interesting changes: hypersociality in adulthood and a failure to progress to normal theta and P80 activity as reflected in EEG measures. However, our results did not show the dramatic differences we expected to observe between control and ketamine-treated mice. Our findings indicate that ketamine abuse in the juvenile period does not produce the same kind of cognitive deficits as observed in post-pubertal abuse, perhaps due to the increased plasticity of the developing brain. Interestingly, we recently found that NMDA receptor function was decreased in mice treated with ketamine in adulthood, while it was increased in those treated in juvenile period.^[@bib77]^ Future studies on the effects of ketamine in the juvenile period might focus on the molecular changes in brain at different stages of development, adjust the timing of drug administration in the juvenile period or use different testing batteries that reveal effects of the drug on long-term memory and cognition.
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![Schematic representation of behavioral testing arenas. (**a**) Radial arm water maze. The layout of the maze with visual cues on the walls is indicated. The dark gray circle indicates the spot at which the test administrator stands in relationship to the room. (**b**) Social approach test 3-chambered arena. During the testing period a live gonadectomized peer mouse is placed in one cylinder, while an inanimate object of similar size and shape is placed in other. Video recordings were made with an overhead view to analyze the social interaction data.](tp2015111f1){#fig1}

![Theta event-related spectral perturbation (ERSP) in ketamine-treated and control mice as juveniles and adults. Ketamine mice are depicted in white and controls in black. (**a**) P20 amplitude. P20 peak amplitude decreases significantly with age, but with no effect of ketamine (F~1,16~=29.133, *P*=0.00006). (**b**) N40 amplitude. A significant decrease in the N40 peak amplitude is observed across the two time-points, with no effect of ketamine (F~1,16~=15.740, *P*=0.00111). (**c**) P80 amplitude. A significant age-related decrease in the P80 peak is observed only in saline-treated mice. (F~1,16~=6.1290, *P*=0.02486, *post hoc*: *P*=0.039409 for juvenile vs adult saline mice). \*\**P*\<0.05.](tp2015111f2){#fig2}

![Theta event-related spectral perturbation (ERSP) and time-frequency analysis data in ketamine-treated and control mice as juveniles and adults. Ketamine mice are depicted in white, controls in black. (**a**) Theta baseline power activity in mice as juveniles and adults. No changes in theta baseline activity levels were observed. (**b**): Theta ITC. An effect of age was observed in ketamine-treated mice that was not observed in controls (F~1,16~=0.7958, *P*=0.38, *post hoc*: *P*=0.006 for ketamine-treated juvenile vs ketamine-treated adult, NS in saline-treated mice). (**c**) Theta-induced power activity. As juveniles, both treatment groups showed a similar power. As adults, a reduction of theta power is observed in control mice while an increase is observed in ketamine-treated mice (F~1,16~=6.8882, *P*=0.01840). (**d**) Theta ERSP. Data indicate that there is a trend for a reduction of ERSP with aging in controls and a failure to progress similarly over time in ketamine-treated mice (F~1,16~=4.0956, *P*=0.06003, *post hoc*: *P*\<0.05 for saline mice, NS in ketamine mice). ITC, inter-trial coherence; NS, not significant. \**P*\<0.05, \*\**P*\<0.01.](tp2015111f3){#fig3}

![Social approach test comparing juvenile and adult time-points. Ketamine-treated mice are depicted in white, controls in black. (**a**) Number of social interactions during the testing period. No significant difference was observed between the number of social interactions in mice across treatment group or age. (**b**) Total time spent on social interaction during the 5-min testing period. Adult mice showed a significant decrease in overall time spent on social interaction compared with juvenile mice, regardless of drug treatment (F~1,25~=21.842, *P*=0.00009). (**c**) Average time spent per social interaction. Saline mice show a significant decrease in time spent per social interaction as they age, while ketamine mice show no significant change (F~1,25~=8.827, *P*=0.007, *post hoc*: *P*=0.0082 for saline-treated juvenile vs adult mice, NS in ketamine-treated mice). NS, not significant. \**P*\<0.01, \*\**P*\<0.001.](tp2015111f4){#fig4}

![Six arm radial water maze. Ketamine-treated mice are represented in white, and controls in black. (**a**) Accuracy across age by treatment group. Ketamine-treated mice made fewer mistakes as juveniles and decreased their accuracy as adults. Saline-treated mice displayed less accuracy as juveniles and showed fewer mistakes as adults (F~1,23~=5.2019, *P*=0.03215). Both groups showed similar levels of adulthood accuracy. (**b**) Latency measure detailing the time spent on maze completion in each treatment group over two time-points. Latency decreases significantly as control mice age, while no change in ketamine-treated mice was observed (F~1,23~=12.248, *P*=0.00193, *post hoc*: saline juvenile to saline adult *P*=0.002, Ketamine juvenile to ketamine adult *P*=0.124). (**c**) Efficiency scores in both treatment groups with age. As juveniles, ketamine-treated mice show greater efficiency than controls. Efficiency decreases in the former and increases in the latter, showing similar efficiency scores in adulthood (F~1,23~=3.8051, *P*=0.064, *post hoc*: *P*\<0.01 for K vs S as juveniles, NS as adults). NS, not significant. \**P*\<0.05, \*\**P*\<0.001.](tp2015111f5){#fig5}
